ABSTRACT. The complete coding region sequence of equine muscle-type phosphofructokinase (ePFKM) was obtained from skeletal muscle of a thoroughbred horse. The deduced amino acid sequence of ePFKM showed 97%, 96%, 96%, 96% and 95% identity to canine, human, mouse, rabbit and rat PFKM, respectively. The amino and carboxyl terminal halves of ePFKM presented a structure of tandem repeat, as other mammalian PFKMs. As the amino acid residues constituting various ligand-binding sites were also conserved, it is thought that ePFKM has enzymatic activity similar to PFKM in other mammals.
Phosphofructokinase (PFK, D-fructose 6-phosphate 1-phosphotransferase, EC 2.7.1.11) uses ATP to catalyze the phosphorylation of fructose 6-phosphate to fructose 1,6-bisphosphate. This reaction is allosterically regulated by various regulators, and it is considered to be a main control point of glycolysis. There are three PFK isozymes with tissuespecific expression: muscle, liver and platelet types [3] . The cDNA sequence of the muscle type PFK (PFKM) has been determined in human [11, 13] , dog [15] , rabbit [8] , mouse [5] and rat [10] . The evolution of PFK gene based on a gene duplication from the bacterial PFK has been proposed [12] .
Type VII glycogenosis, due to a lack of PFKM activity, causes exertional myopathy and compensated hemolysis in humans and dogs as a rare autosomal recessive trait [16, 17] . Multiple mutations in human PFKM, including splicing defects, frameshifts, and missense mutations, have been identified in patients from six different ethnic backgrounds establishing genetic heterogeneity of the disease [13] . Canine PFKM has been detected only a missense mutation, which changes a tryptophan codon to a stop codon [16] .
The clinical behaviors of polysaccharide storage myopathy (PSSM) closely resemble type VII glycogenosis [1, 6, 7, 17] . Both disorders have PFK deficiency, and result in abnormal polysaccharide accumulation in humans and dogs. However, PFK deficiency is not evident in equines with PSSM [19] . Maximal PFK activity response to high concentration of allosteric regulators did not differ between equines with PSSM and normal equines. Therefore, equine PFKM (ePFKM) could have specific characters as difference ligand-binding sites from other mammals. Type VII glycogenosis has not been reported in equines yet. However, there is little information about ePFKM, only partial sequence has been described [2] , and the ePFKM gene has not been completely sequenced. In this study, we isolated and characterized the complete coding sequence of ePFKM in order to obtain fundamental findings for understanding of molecular regulation in equine myopathy.
After the adult thoroughbred horse (Equus caballus) was killed by the ethical procedure at the Utsunomiya City Meat Inspection Office, Utsunomiya, Tochigi-ken, Japan, the skeletal muscle was obtained from cervix. Skeletal muscle was put into RNAlater RNA Stabilization Reagent (QIAGEN, Germany), and stored at -20°C.
The skeletal muscle of a thoroughbred horse was homogenized in TRIzol (GIBCO BRL, U.S.A.), and then total RNA was extracted according to the manufacturer's instructions. First strand cDNA was transcribed with H Minus MMuLV Reverse Transcriptase (RT, MBI Fermentas, Lithuania) and an oligo (dT) 17 primer. To amplify partial ePFKM cDNA, several primers were designed based on published human [14] , canine [15] , rabbit [8] and rat [10] PFKM sequences (Table 1) . Polymerase chain reactions (PCR) were performed on a PTC-0200 DNA Engine Peltier Thermal Cycler (MJ Research, U.S.A.). Forty-five cycles of amplification, including denaturation (94°C, 1 min), annealing (55 to 62°C, 1 min), and extension (74°C, 50 to 60 sec), were performed in HotStarTaq DNA polymerase buffer (QIAGEN) containing 1.8 mM MgCl 2 , 0.2 µM of each primer, 200 µM dNTP, and 2.5 U/reaction of HotStarTaq DNA Polymerase (QIAGEN). The PCR products were electrophoresed in a 1.5% agarose gel and visualized with ethidium bromide. To purify the PCR products, the amplified fragments were extracted from the agarose gel by a Gel Extraction Kit (QIAGEN).
The purified cDNA fragments were subcloned into pMOSBlue vector (Amersham Pharmacia Biotech, England) using blunt-ended cloning according to the manufacturer's instructions. Putative clones were then screened using PCR with the above primers and rTaq polymerase (TOYOBO, Japan). Thirty-five cycles of PCR were performed under the conditions described above. The nucleotide sequence of ePFKM was determined using a Thermo sequence fluorescent-labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech) and DSQ-2000L sequencer (Shimadzu, Japan) according to the manufacturer's instructions. The nucleotide sequence was finally determined by confirming that at least five clones had exhibited the identical result. DNA sequences were then analyzed using the GENETYX-WIN ver. 5.0.0 program (Genetyx, Japan) in combination with the GenBank database to compare the deduced ePFKM amino acid sequences with those from other mammalian species: human (accession No. M26066), dog (accession No. U25183), rat (accession No. U25651), mouse (accession No. AF249894) and rabbit [8] .
The nucleotide sequence of ePFKM reveals a 2,340 bp open reading frame that encodes a hypothetical protein of 780 amino acids with a molecular weight of 85,281 Da. ePFKM cDNA has the same length of open reading frame as human, mouse, rabbit and rat PFKMs, but the canine PFKM open reading frame is two codons longer than the other mammalian PFKMs. ePFKM nucleotide and deduced amino acid sequences were deposited in the GenBank database (accession No. AB088683). Comparison of the ePFKM sequence with canine, human, mouse, rabbit and rat PFKM sequences revealed 93, 93, 90, 89 and 89% identity, respectively, for the nucleotide sequence in the open reading frame, and 97, 96, 96, 96 and 95% identity for the deduced amino acid sequence. Thus, ePFKM has high identity with all these PFKMs. The deduced amino acid sequences of mammalian PFKMs are divided into amino (1 to 403 amino acids) and carboxyl terminal halves (404 to 780 amino acids), and aligned for maximal homology with Bacillus stearothermophilus PFK (accession No. M15643, Fig. 1 ) according to Eto et al. [4] . There is similarity between amino and carboxyl terminal halves of the ePFKM amino acid sequence. The primary structure of ePFKM presents gene dupulication that is tandem repeats, as observed in other mammalian PFKMs [12] .
We compared the amino acid residues constituting binding sites for the substrates and regulators among the various mammalian PFKMs and with Bacillus stearothermophilus PFK. Each half of PFKM has two separate substrate-binding sites, one for ATP and the other for fructose 6-phosphate. Each half of PFKM also contains separate allosteric sites for activation by fructose bisphosphate and AMP/ADP, and sites for inhibition by citrate and ATP [9, 12] . All residues thought to participate in ligand binding at these substrate and allosteric sites were conserved among ePFKM, other mammalian PFKMs and bacterial PFK. Furthermore, it was observed that the putative ligand-binding sites exist in the same position within the amino-terminal and carboxylterminal halves. This suggests that ePFKM enzymatic activity is similar to that of other mammalian PFKMs.
In this study, we demonstrated that various ligand-binding sites on ePFKM were conserved in other mammalian PFKM completely. This fact suggests that ePFKM acts as allosteric enzyme with a similar profile of action to canine and human PFKM. Nevertheless, the activity of PFK in equines with PSSM and normal equines did not differ in response to any allosteric regulators, in contrast to PSSMaffected humans and dogs, which have abnormalities in glycogenolytic or glycolytic pathway. Therefore, the activation of ePFKM might be controlled by special regulatory mechanism. The analysis of the transcriptional expression of ePFKM gene is desirable to elucidate the metabolic control of PFK and the manifestation of PSSM in equines. Our findings in the sequencing of the ePFKM gene will assist in analyzing the regulation of glycolysis by PFKM in equines. To clarify the regulation of ePFKM expression, studies of 5'-and 3'-untranslated regions, intron and upstream promoter region sequences are now in progress. 
